(B) Network analysis on HAUS2 and 6 putative binding partners associated with the microtubule (blue) and actin cytoskeleton (red). Edge color coding: blue, colocalization; orange, predicted interaction; green, shared protein domain; purple, coexpression. (C) Subset of Gene Ontology classifiers (actin cytoskeleton, microtubule cytoskeleton and cytoskeleton) overrepresented in HAUS2 (grey) or HAUS6 (black) significant interactors in adult rat bains. (D, E) Selected putative binding partners of Bio-GFP-HAUS2 and HAUS6 identified in adult rat brains (D) and HEK293 (E) by AP-MS. The peptide count is graphically represented by spheres, the ratio of the spectral counts of the bait over the control is represented in blue for microtubule binding proteins and red for actin binding proteins. (F) Single molecule super-resolution reconstruction of a DIV4 hippocampal neuron transfected with GFP-HAUS2 (red), extracted and fixed with GA and PFA, and post-labelled with LifeAct-GFP (cyan) and DNA-PAINT (yellow) to visualize actin and -Tubulin, respectively. Insets depict indicated areas. (G) Percentage of GFP-HAUS2 clusters across 4 different categories: 1 -No colocalization, 2 -colocalization with microtubules, 3 -colocalization with actin and 4 -colocalization with microtubules and actin. (n=3, N=1). Data is presented as mean±SD. Scale bar 2 m in panel and 500 nm in insets in F. Tables   Table S1. 
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Supplemental Experimental Procedures
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Casper Hoogenraad (c.hoogenraad@uu.nl). Dierproeven, 1996) and European regulations (Directive 2010/63/EU). Female pregnant C57BL/6J mice were obtained from The Jackson Laboratory and female pregnant Wistar rats from Janvier. Both species were aged at least 10 weeks at the time of delivery. Upon delivery, mice and rats were kept in a controlled 12 hrs light-dark cycle with a temperature of 22 ± 1°C and were given unrestricted access to food and water. The animals were housed with companions in transparent plexiglas cages with wood-chip bedding and paper tissue for nest building and cage enrichment. For in utero electroporation experiments, embryos of both genders were used at E14.5 stage of development. For hippocampal and cortical neuron culture experiments obtained from rat embryos, embryos of both genders at E18 stage of development were used. None of the parameters analysed in this study are reported to be affected by embryo gender. The animals, pregnant females and embryos have not been involved in previous procedures.
Animals
Cell lines
HEK293 female cells (CRL1573) and mouse inner medullary collecting duct 3 (IMCD3) cells (CRL2123) were purchased from American Type Culture Collection (ATCC). The sex is undetermined for the IMCD3 cell line. Cell lines were not authenticated by authors after purchase. Both cell lines were cultured in DMEM/Ham's F10 (45%/45%) supplemented with 10% FCS and 1% penicillin/streptomycin at 37°C and 5% CO 2 and seeded on 18 mm glass coverslips prior to transfection, or in 10 cm dishes for biochemistry experiments.
Primary neuronal cultures, transfection and electroporation
Primary hippocampal and cortical cultures were prepared from E18 rat brains (both genders) by mechanical and enzymatic dissociation (Goslin and Banker, 1989; Kapitein et al., 2010b) . Hippocampal neurons were plated on coverslips coated with poly-L-lysine (37.5 μg/mL, Sigma) and laminin (1.25 μg/mL, Roche Diagnostics) at a density of 100,000 cells/well. Hippocampal neurons were transfected using Lipofectamine 2000 (Invitrogen). Briefly, DNA (1.8 g/well in a 12 well plate) was mixed with 3.3 L of Lipofectamine 2000 in 200 L NB, incubated for 30 minutes, and then added to the neurons in NB with 0.5 mM glutamine at 37°C in 5% CO 2 for 45 minutes to 1 hr. Next, neurons were washed with NB and transferred in the original medium at 37°C in 5% CO 2 for 24-48 hrs (for overexpression) or 96 hrs (for shRNA expression). Primary cortical neurons were electroporated (1,2x10 6 cells per sample) using the Amaxa Rat Neuron Nucleofector kit (Lonza) with 3µg of DNA and plated in 6-well plates. Cells were grown at 37°C in 5% CO2 for 96 hrs prior to western blot analysis. Hippocampal and cortical neurons were cultured in Neurobasal medium (NB, GIBCO) supplemented with 2% B27 (GIBCO), 0.5 mM glutamine (GIBCO), 15.6 M glutamate (Sigma-Aldrich) and 1% penicillin-streptomycin (GIBCO).
In utero electroporation
In utero electroporation was performed as described previously (van Beuningen et al., 2015) . Briefly, pregnant C57BL/6J mice were anaesthetized with Isoflurane (induction: 3-4%, surgery: 1.5-2%) at E14.5 and injected with 0.05 mg/kg buprenorfinhydrochloride in saline. The abdominal cavity was opened under sterile surgical conditions and uterine horns were exposed. 1.7 L DNA mixture containing 0.6 g/L pSuper vector as control or a mix of two mouse HAUS6 shRNAs and 0.4 g/L GFP vector dissolved in MilliQ water with 0.05% Fast Green (Sigma) was injected in the lateral ventricles of the embryo using glass micro-pipettes (Harvard Apparatus) and a PLI-100 Picoinjector (Harvard Apparatus). Brains (motor cortex) were electroporated with gold plated tweezer-electrodes (Fisher Scientific) using an ECM 830 Electro-Square-Porator (Harvard Apparatus) set to 5 unipolar pulses at 30V (95 ms interval and 50 ms pulse length). Embryos were placed back into the abdomen, and abdominal muscles and skin were sutured separately. Mother mice were awakened by releasing them from Isoflurane. The welfare of the mother mice was controlled daily. Embryonic brains were collected at E17.5 and processed for immunohistochemistry.
Heterologous cell culture and transfection HEK293 cells were transfected with polyethylenimine (1 g/L) (PEI, Polysciences) and IMCD3 with Lipofectamine 2000 (Invitrogen) according to manufacturer's protocol. Coverslips with transfected IMCD3 cells were fixed and used for immunocytochemistry and HEK293 were processed for biochemistry experiments.
DNA and shRNA constructs
The following mammalian expression vectors have been described: pGW1 (Hoogenraad et al., 2005) , pGW2 and pactin (Kapitein et al., 2010a) , pGW2-BFP (Tortosa et al., 2017) , pactin-HA--galactosidase (Hoogenraad et al., 2005) , pSuper vector (Brummelkamp et al., 2002) , Bio-GFP vector (Jaworski et al., 2009) , BirA vector was a kind gift from Dr. D. Meijer (Erasmus MC, Rotterdam, The Netherlands). p-Syn-TdTomato-MACF18 which we named Tomato-MT+TIP was used as a general marker of microtubule growing plus ends. Briefly, the vector was generated by replacing the CMV promoter and intron sequence of GW2 (MluI/HindIII) with the 0.5 kb rat Synapsin promoter (Dittgen et al., 2004) . Tomato-MACF18 is identical to GFP-MACF18 (Schatzle et al., 2016) except for the exchange of GFP to tandem dimer Tomato. The GFP-MT+TIP construct used in live-imaging experiments to track polymerizing ends of microtubules was p-Syn-GFP-MACF18 (with Synapsin promoter) generated using published strategy to reduce expression levels, since we used it in conjunction with shRNA expressed for 96 hrs (Ferreira et al., 2013) . Upstream open reading frame containing a Kozak sequence was introduced before the start codon of GFP in the synGFP-MACF18 construct. Depending on Kozak sequence strength, a certain percent of the ribosomes are expected to initiate translation here and disassemble once they reach the stop codon, therefore the number of ribosomes that can translate the gene of interest is lowered and expression becomes significantly reduced. The Kozak sequence used was gggATGGGTTAAGGCCTaccATG. pGW2-GFP, pGW2-mRFP and pGW2-mCherry were created by inserting each tag in HindIII/AscI sites of a pGW2 vector. Full length human HAUS2 RefSeq 235 aa isoform (NCBI:NM_018097.2, UniProt:Q9NVX0) was amplified by PCR from pEGFP-C1-HAUS2 (a kind gift from Dr. Laurence Pelletier, Lunenfeld-Tanenbaum Research Institute, Mount Sinai Hospital, Toronto, Canada) and inserted in AscI/SalI sites of pGW2-GFP expression vector. To generate pGW2-GFP-HAUS6 the full length RefSeq 955 aa isoform (NCBI:NM_017645, UniProt:Q7Z4H7) was amplified by PCR from pEGFP-C1-HAUS6 (a kind gift from Dr. Laurence Pelletier, Lunenfeld-Tanenbaum Research Institute, Mount Sinai Hospital, Toronto, Canada) and inserted in AscI/SalI restriction sites of pGW2-GFP vector. pGW2-mCherry-HAUS6 was generated by recloning HAUS6 from pGW2-GFP-HAUS6 with AscI/SalI restriction sites and ligation with pGW2-mCherry. One HAUS6 construct resistant to shRNA was used in rescue experiments. Briefly, two silent mutations were inserted at Lys123 (G369A) and Ile125 (T375C) by sitedirected mutagenesis of pGW2-GFP-HAUS6 described above. To generate Bio-GFP-HAUS2 or HAUS6, HAUS2 and HAUS6 were recloned from pGW2-GFP-HAUS2/6 with AscI/SalI restriction enzymes and inserted in Bio-GFP vector. To generate pGW2-GCP2-mCherry, mCherry was first amplified by PCR and inserted C terminally in a pGW2 vector. Full length human GCP2 RefSeq 902 aa (NCBI:NM_006659.3, UniProt:Q9BSJ2) was amplified by PCR from pGW1-GCP2-GFP (a kind gift from Dr. Kah W. Yau and Dr. Kai Jiang, Department of Cell Biology, University of Utrecht, The Netherlands) and inserted upstream of mCherry in AscI/SalI restriction sites of pGW2-mCherry. The following shRNA constructs were created and used in this study: pSuper mouse HAUS6 shRNA#1 (5'-aggagagagacgttattag-3'), pSuper mouse HAUS6 shRNA#2 (5'-caggctttcagaaactagt -3'), pSuper rat HAUS2 shRNA#1 (HAUS2 KD#1) (5'-gaggagatgttagatatat-3'), pSuper rat HAUS2 shRNA#2 (HAUS2 KD#2) (5'-cgttcagtcaattacatgt-3'), pSuper rat HAUS6 shRNA#1 (HAUS6 KD#1) (5'-gggaaagattatcagatat -3'), pSuper rat HAUS6 shRNA#2 (HAUS6 KD#2) (5'-gtcctaagtttattcatct -3'). shRNA sequences were created with http://sirna.wi.mit.edu/ (Yuan et al., 2004) and oligonucleotides were annealed and inserted in pSuper vector (HindIII/BglII).
Antibodies and Reagents
The following antibodies were used in this study: chicken anti--galactosidase (Aves Labs BGL-1040, RRID:AB_2313507), 
Immunofluorescence staining and imaging
For neuron immunocytochemistry cells were fixed for 10 minutes with paraformaldehyde (4%) or for 5 minutes with methanol (100%) at -20°C. Fixed neurons were washed 3 times for 5 minutes in PBS and incubated with primary antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4°C. After 3 times washing with PBS, cells were incubated with secondary antibodies in GDB buffer for 1 hr at room temperature. After washing, coverslips were mounted in Vectashield (VectorLabs) or mowiol. For methanol fixed samples, GDB was used without Triton. Live labelling of the axonal initial segment was performed with an antibody recognizing an extracellular epitope of neurofascin (Pan-Neurofascin extracellular (UC Davis/NIH NeuroMab Facility, 75-172, RRID:AB_2282826). Neurons were incubated with primary antibody in conditioned NB for 10 minutes, washed twice with fresh NB, incubated with a secondary Alexa-conjugated antibody for 8 minutes and washed twice with fresh NB. Extraction, fixation and immunocytochemistry for microtubules was performed as previously described (Chazeau et al., 2016) . Briefly, cells were incubated for 90 seconds in extraction buffer preheated at 37°C (80 mM PIPES, 2 mM MgCl 2 , 1 mM EGTA, 0.3% Triton-X100 and 0.25% glutaraldehyde, pH 6.9), followed by incubation with 4% PFA preheated at 37°C for 10 minutes. Neurons were further permeabilized with 0.25% Triton X-100 and blocking was performed with 2% w/v bovine serum albumin (BSA), 0.2% gelatin, 10 mM glycine, 50 mM NH 4 Cl in PBS, pH 7.4. Primary and secondary antibodies were incubated for 1 hr at room temperature in blocking buffer. For SMLM (single-molecule localization microscopy), the same immunocytochemistry protocol was performed under the microscope using the secondary antibody anti-mouse-D2 and buffers from the Ultivue TM -2 (super-resolution 2-plex kit). Cells with low expression levels of the different constructs were used in all the analysis. To visualize actin in SMLM, LifeAct-GFP was purified and used as a transient binding probe as previously described (Kiuchi et al., 2015; Tas et al., 2018) . Brain sections were obtained from embryos at E17.5 and fixed in 4% paraformaldehyde followed by submersion in 30% sucrose. Brains were placed in Jung tissue freezing medium (Leica) and cut in 12 m coronal sections. Cryosections were blocked and permeabilized with 10% normal goat serum in 0.2% Triton X-100 PBS (Blocking buffer) for 1 hr followed by incubation with primary antibody diluted in blocking buffer overnight at 4°C. After washing, sections were incubated with secondary antibody diluted in blocking buffer for 90 minutes and mounted using Vectashield mounting medium containing DAPI (Vectorlabs). IMCD3 cells were fixed for 5 minutes in methanol at -20°C. Fixed cells were washed 3 times in PBS following blocking and permeabilization with 2% BSA supplemented with 0.05% Tween-20 in PBS (Blocking buffer) for 20 minutes. Primary antibodies were diluted in blocking buffer and incubated overnight at 4°C. Secondary antibodies diluted in 0.05% Tween-20 in PBS (washing solution) were incubated with samples for 1 hr at room temperature after three rounds of washing. After washing 3 times in washing solution and a final wash in MilliQ, samples were mounted with Vectashield mounting medium with DAPI (Vectorlabs). Imaging of fixed neurons or cell lines was performed using Confocal laser scanning microscopy with a Zeiss LSM700 confocal laser-scanning microscope with a Plan-Apochromat 63× N.A. 1.40 oil DIC, EC Plan-Neofluar 40× N.A. 1.30 Oil DIC and a Plan-Apochromat 20× N.A. 0.8 objective using 405 nm, 488 nm, 555 nm, and 633 nm laser lines. Confocal images of brain slices were acquired using a Zeiss LSM700 with a 20× N.A. 0.5 objective (for migration analysis) or a 40× N.A. 0.8 (for morphology analysis) using 405 nm, 488 nm, 555 nm, and 633 nm laser lines. A total thickness of 15 μm in 1 μm steps was scanned for each position, and maximum intensity projections were generated for analysis. To access the entire brain slice, four images were taken side by side and image stitching was performed using ZEN 2011 Software. The degree of neuronal migration was quantified as described previously (Hand et al., 2005) .
Live imaging
Live imaging of neurons was performed using spinning-disk confocal microscopy with an inverted microscope Nikon Eclipse Ti-E incorporated with a Plan Apo VC 100× N.A. 1.40 oil objective, or a Nikon Eclipse TE2000E equipped with CFI Apo TIRF 100× N.A. 1.49; both microscopes are equipped with a Perfect Focus System, a Yokogawa CSU-X1-A1 spinning-disk confocal unit, an Evolve 512 EMCCD camera (Photometrics), and a motorized XYZ stage (Applied Scientific Instrumentation) which were all controlled using MetaMorph (Molecular Devices) software. Three color SMLM was performed on a Nikon Ti microscope equipped with a 100× N.A. 1.49 Apo TIRF oil objective, a Perfect Focus System and an additional 2.5× Optovar to achieve an effective pixel size of 64 nm. Oblique laser illumination was achieved using a custom illumination pathway with a 15 mW 405 nm diode laser (Power Technology), a 50 mW 491 nm DPSS laser (Cobolt Calypso) and a 40 mW 640 nm diode laser (Power Technology). Fluorescence was detected using a water-cooled Andor DU-897D EMCCD camera and ET series Cy5 filter (Chroma Technology). All components were controlled by Manager software (Edelstein et al., 2010) . After immunocytochemistry, samples were first incubated for 15 minutes with Tetraspeck TM 100 nm-beads (Invitrogen). High laser power induced blinking of GFP-HAUS2 was first imaged for 1000-2000 frames, after which it was completely bleached. LifeAct-GFP and fluorescently labelled DNA complementary strand, I2-650 (binding to anti-mouse-D2) were then added and diluted to obtain single molecule binding events. DNA-PAINT imaging was performed according to Ultivue TM -2 super-resolution 2-plex kit protocol. Subsequently, LifeAct-GFP was imaged as previously described (Janssen et al., 2017) . Between 20,000 and 30,000 frames were recorded per acquisition with exposure time of 100 ms.
Drug treatments
Where indicated, neurons were treated with 10 nM Taxol (Sigma) for 48 hrs.
Western blot
Cortical neuron lysates were prepared at DIV4 by scraping cells directly in sample buffer (4% SDS, 20% glycerol, 100 mM Tris pH 6.8, 200 mM DTT and 20 mg/l bromophenol blue). Samples were boiled at 99º C for 10 minutes and centrifuged at 16000 g before being analyzed by SDS-PAGE. Proteins were transferred to PVDF membranes (Millipore) using a wet blotting system (Bio-Rad). Membranes were blocked and incubated with primary antibodies (overnight at 4°C) in blocking buffer containing 3% BSA in PBS-T (PBS1x, 0.1% Tween-20). After three 10 minute washing steps in PBS-T membranes were incubated with secondary antibodies in blocking buffer for 1 hr at room temperature. Membranes were scanned using Odyssey infrared imaging system (Li-COR Biosciences). The relative intensities of -, tyrosinated and acetylated tubulin were obtained by normalization to the GAPDH loading control. The relative intensity of each tubulin after HAUS6 knockdown was then normalized to the corresponding control. Quantifications were performed in Fiji (Schindelin et al., 2012) .
Affinity Purification-Mass Spectrometry
Streptavidin beads pull-down assays were performed with HEK293 cells transfected with BirA and Bio-GFP-HAUS2, Bio-GFP-HAUS6 and Bio-GFP using polyethylenimine (PEI, Polysciences) for 48 hrs according to the manufacturer's instructions. Cells were lysed in RIPA lysis buffer (50 mM TrisHCl pH 7.4-7.8, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% Sodium Deoxycholate) and Protease inhibitors (Roche) for 30 minutes, centrifuged at 17949 g/rcf for 15 minutes at 4ºC and the supernatants incubated with Dynabeads M-280 blocked in chicken egg albumin (Life Technologies) for 1 hr at 4ºC. Beads were separated using a magnet rack (Dynal, Invitrogen) and washed five times in washing buffer (20 mM Tris-HCl pH 7.4-7.8, 150 mM KCl, 0.1% Triton X-100). Samples were collected at this point for AP-MS analysis of HEK293 cells expressing each construct. To sample for brain putative interactors of HAUS2 or HAUS6 pre-incubated Dynabeads with HEK293 cell extracts expressing each construct were washed twice in low salt washing buffer (20 mM Tris-HCl pH 7.4-7.8, 100 mM KCl, 0.1% Triton X-100), followed by two wash steps in high salt wash buffer (20 mM Tris-HCl pH 7.4-7.8, 500 mM KCl, 0.1% Triton X-100) and two final wash steps in low salt washing buffer to remove binding proteins from HEK293 cells. Brains were obtained from female adult rats and homogenized in 10x volume/weight in tissue lysis buffer (50 mM TrisHCl, 150 mM NaCl, 0.1% SDS, 0.2% NP-40, and protease inhibitors (Roche)). Brain lysates were centrifuged at 17494 g/rcf for 10 minutes at 4°C and the supernatant was incubated with the Dynabeads containing Bio-GFP-HAUS2, Bio-GFP-HAUS6 or Bio-GFP for 2 hrs at 4ºC and washed in wash buffer five times. For mass spectrometry analysis, beads were resuspended in 15 L of 4x Laemmli sample buffer (Bio-Rad) and supernatants were loaded on a 4-12% gradient Criterion XT Bis-Tris precast gel (Bio-Rad). The gel was fixed with 40% methanol and 10% acetic acid and then stained for 1 hr using colloidal coomassie dye G-250 (Gel Code Blue Stain Reagent, Thermo Scientific). Each lane from the gel was cut in 3 slices, destained and digested using trypsin, as described previously (Ekkebus et al., 2013) . Briefly, each lane from the gel was cut into three pieces and placed in 0.5-mL tubes. They were washed with 250 L of water, followed by 15 minutes dehydration in acetonitrile. Proteins were reduced (10 mM dithiothreitol, 1 hr at 56°C), dehydrated and alkylated (55 mM iodoacetamide, 1 hr in the dark). After two rounds of dehydration, trypsin (Promega) was added to the samples (20 L of 0.1 mg/mL trypsin in 50 mM Ammonium bicarbonate) and incubated overnight at 37°C. Peptides were extracted with acetonitrile, dried down and reconstituted in 10% formic acid prior mass spectrometry analysis.
Image analysis
No specific strategy for randomization and/or stratification was employed. The studies were blind in data analysis.
Quantification of immunofluorescence intensity
Images were acquired with a Zeiss LSM700 confocal microscope covering the entire neuron from top to bottom. Recording settings were kept the same for all conditions in each experiment. Only the planes that include the region of interest (ROI) were used for analysis. For quantification of signal intensity in dendrites ROIs within the first 10 μm were manually drawn in
